Internalization and recycling of plasma membrane during pinocytosis in Dictyostelium discoideum was analyzed quantitatively. A labeling technique was used by which [3Hlgalactose could be enzymaticallybound to and released from the plasma membrane. Label internalized with the plasma membrane was no longer accessible to enzymatic release and could therefore be distinguished quantitatively from label remaining on the cell surface. Internalization of labeled membrane components was measured as a function of pinocytotic uptake. Direct Am.
Am.
Endocytosis is performed by a large variety of eukaryotic cells (1) (2) (3) (4) (5) . During endocytosis, the plasma membrane invaginates and encloses extracellular fluid (pinocytosis) or particles (phagocytosis) in plasma-membrane-derived vesicles. This process leads to an extensive internalization of plasma membrane varying between 1 and 20 times the total cell surface area per hr, depending on cell type and culture conditions (6) (7) (8) (9) (10) (11) (12) . However, during endocytosis no reduction of the cell surface area is observed. This implies that internalized membrane is replaced at a corresponding rate. De novo membrane synthesis is too slow to account for membrane replacement, considering the long lifetime of membrane components, on the order of 10-100 hr (3, 5, 13) . Therefore, it is generally assumed that internalized membrane is recycled to the plasma membrane, as was initially proposed as a result of electron microscopic observation (14, 15) .
The methods used to demonstrate membrane internalization were mostly based on electron microscopic morphological observations identifying endocytosis-derived internal membrane structures. Because these methods used either endocytotic content markers or noncovalently linked markers to unspecified membrane components, previous results were difficult to quantify. For the same reason these methods were not suitable for yielding direct evidence for membrane recycling. The first such evidence was reported by Schneider et al. (16) for cultured fibroblasts: After the consecutive uptake of fluorescein-labeled anti-IgG by pinocytosis and anti-plasma membrane IgG by membrane internalization, the antibodies appeared in the vacuolar system of the cells, and the antibody complex was shown by isopycnic centrifugation to become associated with plasma membrane to which it had been recycled. Despite the elegance of this method, it gave only qualitative evidence for membrane recycling.
An approach for analyzing internalization and recycling of membrane is presented in this study. It is based on a labeling system by which a radioactive marker can be. enzymatically bound to and released from the plasma membrane. Label on internalized membrane is no longer accessible to enzymatic release and, therefore, can be quantitatively distinguished from label on the cell surface. We have used this technique to study the flow of membrane during pinocytosis in Dictyostelium discoideum, which depends on endocytosis as the sole mechanism of food uptake.
MATERIALS AND METHODS Culture Conditions. D. discoideum strain AX2 (ATCC 24397) was grown axenically at 20°C as described (17) . Cells were harvested at a density of 2 X 106 cells per ml by centrifuging at 100 X g for 5 min and were washed in cold phosphate buffer (20 mM potassium phosphate, pH 6.5). Cell density was determined with a particle counter (Coulter model DN).
Pinocytosis Assay. Fluorescein-labeled dextran (FITCdextran 40, Pharmacia) is a suitable fluid phase marker for measuring pinocytotic fluid uptake (unpublished data). Uptake of FITC-dextran is directly proportional to its concentration in the medium (0.5-10 mg/ml) and proceeds linearly with time for at least 1 hr at 200C. The measured uptake rates were identical to those measured with the use of horseradish peroxidase, a well-established fluid phase marker (18) . Cells were suspended at a density of 5 X 106 cells per ml in axenic medium, and FITC-dextran was added to a final concentration of 2 mg/ml. Cells were incubated at the appropriate temperature on a rotary shaker (100 rpm). Samples of 1 ml were diluted 1:5 into ice-cold phosphate buffer to stop pinocytosis. Cells were collected by centrifugation at 100 X g for 5 min and resuspended in 1 ml of phosphate buffer. For complete removal of external FITC-dextran, the cell suspension was layered over and centrifuged through (200 X g, 10 min) an aqueous solution (10 ml, 7 cm height) of 20% (wt/wt) poly(ethyleneglycol) 6000 (Serva). Cells were washed and resuspended in 2 ml of 50 mM Na2HPO4, pH 9.3. After the cells were counted, they were lysed with 0.1% Triton X-100 and fluorescence intensity was determined (excitation wavelength 470 nm, emission wavelength 520 nm). The pinocytosed volume was determined by comparison with a standard curve.
Isolation of Total Membrane. Cells in phosphate buffer (108 cells per ml) were disrupted by freezing and thawing, diluted Abbreviation: FITC-dextran, fluorescein-labeled dextran.
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1:10 in phosphate buffer, and gently sonicated in a water bath for about 30 sec at 0C. Unbroken cells (<1%) and nuclei were removed by centrifugation at 5000 rpm for 5 min. Total membrane was isolated from the supernatant by centrifugation at 105Xgfor60minat40C.
Polyacrylamide Gel Electrophoresis. Membrane proteins were dissociated by heating at 1000C for 3 min in a solution containing 1% NaDodSO4 and 0.1 M 2-mercaptoethanol. Electrophoresis was performed in gradient slab gels (7-20% polyacrylamide, 0.1% NaDodSO4) with a discontinuous buffer system (19) . Protein bands were stained with Coomassie brilliant blue. The gels were sliced at 1-mm intervals; the fractions were dissolved in Protosol (New England Nuclear) for 2 hr at 600C.
Cell Dimensions. Cells were fixed in culture by the addition of 2% glutaraldehyde for 30 min at 200C. The average cell diameter was measured by light microscopy. The circumference of electronmicroscopically observed cell cross sections was determined to be about 2.2 times that of a circle enclosing the same cross-sectional area. The surface-to-volume ratio of the cells was therefore taken as (2.2)2 -5 times that of a sphere.
Reversible Labeling of Plasma Membrane.
[3H]Galactose was covalently linked to terminal N-acetylglucosamine moieties on the cell surface of D. discoideum (20) (21) (22) [3H]Gal can be released again by hydrolysis as catalyzed by 3-galactosidase from Streptococcus pneumoniae (EC 3.2.1.23). The enzyme was isolated as described (25) and kindly supplied by Rudolf Weil (Sandoz Forschungsinstitut, Vienna). Cells, labeled for 2 min at 0°C as above, were fixed in 2% glutaraldehyde for 30 min at 200C. After cells were washed twice in 100 mM imidazole (pH 6.8), they were resuspended therein at a density of about 108 cells per ml and 0-galactosidase (0.5 units/ml) was added. The reaction was terminated by diluting the incubation mixture 1:10 in phosphate buffer at 0°C. The fraction of [3H]Gal released was determined by comparing the amount of radioactivity in aliquots of the cell suspension and in aliquots of the cell-free supernatant remaining after centrifugation (500 X g, 20 sec). As shown in Fig. 1 , hydrolysis occurred with a biphasic reaction rate. At 200C almost 70% of [3H]Gal was released during the first hour and the remainder with a half-life of about 8 hr. Quantitatively, the same kinetics were observed with unfixed cells that had been disrupted immediately after labeling by freezing and thawing. We do not know why a residual fraction of about 10% of the label remained membrane-bound even after prolonged incubation up to 24 hr. At 0C the reaction rate was slightly slower and is shown in Fig. 1 for intact, unfixed cells. During this study, the 
RESULTS
Cells were labeled at 0C to prevent internalization of label during the labeling procedure (see below). Immediately after labeling, the cells were resuspended in axenic medium and divided into two portions, to one of which FITC-dextran was added as a fluid phase marker; both portions were then warmed to 20'C.
The first portion of cells was used to demonstrate that labeled membrane components are internalized concomitant with membrane internalization during pinocytosis. The results are shown in Fig. 2A 
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In order to demonstrate that internalized membrane components are recycled to the cell surface, it was shown that previously internalized label again becomes accessible to enzymatic attack. The second portion of cells was incubated in parallel to the first, resulting in the same steady-state distribution of label. Pinocytosis was stopped by cooling to 00C. Subsequently, the steady-state distribution was disturbed by releasing about 60% of the label on the cell surface. For this, cells were subjected to an intermediate treatment with 03-galactosidase at low temperature. A control sample of the same cells was incubated in the absence of enzyme. Cells were resuspended in axenic medium containing FITC-dextran and warmed to start cellular activities. As shown in Fig. 2B , pinocytosis was resumed after a lag of about 8 min and, simultaneously, an increasing fraction of [3H]Gal again became hydrolyzable by subsequently added 3-galactosidase. The original steady-state distribution between accessible and inaccessible label was reestablished. In the absence of pinocytosis at 00C, no label reappeared at the cell surface. These results demonstrate that previously internalized label is recycled back to the cell surface concomitant with pinocytotic activity. As shown by the control experiment in Fig.  2B , the additional manipulations as such did not lead to a permanent distortion of the previously established steady-state distribution of label.
In order to serve as a representative membrane marker, all labeled membrane components must become internalized to the same extent as the membrane as a whole. Evidence for this was obtained by comparing the electrophoretic profile of labeled membrane components before and after internalization. Because internalized membrane (pinosomal membrane) could not be separated from the bulk of the membrane, the profile of internalized label was obtained indirectly as explained in Fig.  3 . Within experimental accuracy, the inaccessible part of the label quantitatively displayed the same profile as the label on the cell surface. Apparently, the composition of labeled membrane components remains basically unaltered during internalization.
DISCUSSION
The present labeling technique has previously been used during structural (26) (27) (28) and developmental (29) ,ug) of membrane protein from total membrane fractions. Labeled cells were divided into three aliquots, A, B, and C. A, total membrane was isolated before internalization of label. B, total membrane was isolated before internalization but after 60% of the label had been removed by fl-galactosidase (80 min, 0C). C, total membrane was isolated after internalization of 38% of the label (steady state after 90 min at 20'C, measured as in Fig. 2A ) and subsequent removal of 37% of total label (60% of 62% on cell surface as in B). The profile of internalized label (denoted A') can be reconstructed by using profiles B and C and the relationship C = 0.38A' + 0.62B, as is shown by the dotted line in comparison with profile A. The kinetics of the redistribution of label during pinocytosis (Fig. 2) [1] The equilibrium value, p, is the ratio of the plasma membrane surface area to the total surface area of both membrane compartments. The constant vo is defined as the volume that is pinocytosed during the internalization of an amount of membrane equivalent in area to that of the plasma membrane. As is shown in Fig. 4 , the data from Fig. 2A Interpreted in this way the present data agree well with previous results based on morphological observations. With p = 0.63, the area ratio of plasma membrane to vacuolar membranes is 1/0.5, compared to 1/1 as determined by morphological observations of the same organism (12) . Whereas the present labeling technique detects only those vacuolar membranes that take part in the membrane shuttle, the previous result includes all morphologically detectable membranes of food vacuoles. Therefore, about half of the vacuolar membranes, probably lysosome-derived membranes, do not seem to take part in the membrane shuttle.
The curve in Fig. 4 corresponds to vo = 0.63 X 10-6 l, about 15% of the cell volume. Therefore, at the observed rate of pinocytosis, the plasma membrane is internalized once every 45 min. [ (11) highly overemphasize the small and most abundant pinosomes (0.1-0.2 Mm). The reported size histograms (7, 11) can be transformed to reflect the relative volume contribution of the size groups. The volume-weighted average size of the pinosomes then turns out to be between about 0.5 and 0.8 gm in both cases. For mouse macrophages and L cells, the volume-to-surface ratios of primary pinosomes have actually been reported (30) and can be directly used to calculate the volume-weighted size average as 0.6 and 0.4 gm, respectively.
Our results are therefore in full agreement with previous morphological observations when reassessed to yield volumeweighted average values for the pinosome size. However, the implication of the rather insignificant contribution to pinocytotic uptake by the more abundant small "pinosomes" then raises the question as to their biological function.
The rate at which label reappears on the plasma membrane during the recycling experiment (Fig. 2B) is much higher than expected from the data in the internalization curve ( Figs. 2A  and 4 ). This is partially due to a net transfer of membrane to the plasma membrane, as shown by the control experiment (Fig. 2B ). These cells have the same surface concentration of label in both membrane compartments. Therefore, the initial low value of the fraction of label on the plasma membrane reflects a relative reduction of the cell surface area that occurred during cooling. After warming, this effect is reversed before pinocytosis is resumed. However, even after the onset of pinocytotic activity, in the recycling experiment, membrane flow is about 3-4 times faster than before, compared to the rate of Proc. Natl. Acad. Sci. USA 77 (1980) 
